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MiniBooNE [1] and MINERvA [2] charge current pi+ production data in the ∆ region are discussed.
It is argued that despite the differences in neutrino flux they measure the same dynamical mechanism
of pion production and should be strongly correlated. The correlation is clearly seen in the Monte
Carlo simulations done with NuWro generator but is missing in the data. Both normalization and
the shape of the ratio of measured differential cross sections in pion kinetic energy are different from
the Monte Carlo results, in the case of normalization a discrepancy is by a factor of 1.49.
PACS numbers: 13.15.+g,13.60.Le,24.10.Lx,25.30.Pt, CETUP* preprint number: CETUP2014-005
I. INTRODUCTION
There has been a lot of effort to understand better
single-pion-production (SPP) reactions in the neutrino-
nucleon and -nucleus scattering. These studies are moti-
vated by the neutrino oscillation experiments demand to
reduce systematic errors. In the few-GeV energy region
characteristic of experiments such as T2K [3], NOvA [4],
LBNE [5] and MicroBooNE [6] the SPP channels account
for a large fraction of the cross section (at 1 GeV on an
isoscalar target about 1/3 of the cross section).
In the 1 GeV energy region the dominant SPP mech-
anism is through ∆ excitation. There are several chal-
lenges in the theoretical description of the SPP reaction
in the ∆ region. One comes from uncertainties in the
N-∆ transition matrix element, mainly due to the lack of
precise information on its axial part. In order to describe
the SPP channels one also needs a significant nonreso-
nant background contribution. Several theoretical mod-
els have been developed (see Refs. [7]) to predict its shape
and magnitude. The differences between them introduce
important model dependence in the N-∆ transition ma-
trix element analysis and even in the description of the
∆ resonance.
In theoretical computations of SPP on atomic nuclei
nuclear effects must be incorporated starting from the
Fermi motion and Pauli blocking. It is very impor-
tant to entail the in-medium ∆ self-energy. Its real part
shifts the pole, whereas the imaginary part corresponds
to medium-modified SPP and pionless ∆ decay processes.
The problem of charge current SPP on nuclei has been
addressed in Refs. [8] by assuming the ∆ dominance
with many-body effects taken from Ref. [9]. The com-
putations suggest a significant reduction of the pion pro-
duction cross section.
On top of all that, in the impulse approximation regime
final state interactions (FSI) effects must be carefully
evaluated, see e.g. Ref. [10]. FSI include: pion rescat-
tering, absorption, charge exchange, and (for sufficiently
high energies) production of additional pions. The nu-
clear physics uncertainties are so large that in most of
the cases experimental groups do not try to measure the
characteristics of a neutrino-nucleon SPP process. They
publish instead the cross section results with all the nu-
clear effects included with signal events defined by out-
going pions.
More precise SPP measurements on both nucleon and
nucleus target are necessary. The models of ∆ excitation
matrix elements and nonresonant background are still
validated mainly on the old low-statistics bubble chamber
experiments performed at Argonne National Laboratory
(ANL, [11]) and Brookhaven National Laboratory (BNL,
[12]). The nonresonant background is more important in
neutrino-neutron SPP channels where the cross sections
are smaller than for neutrino-proton SPP reaction and
the statistical uncertainties are larger [13, 14].
In view of those limitations it is important to explore
the information from more recent neutrino-nucleus cross
section measurements. In the case of CC 1π+ reaction
on the Carbon target interesting studies were done by
MiniBooNE [1] and MINERvA [2] experiments. Both
analyses focus on the ∆ region. The main difference is
in the neutrino energy. Typical MiniBooNE interacting
neutrinos energies are smaller by a factor of ∼ 4− 5.
The main results of this paper are following. According
to Monte Carlo simulations a strong correlation between
the differential cross sections in pion kinetic energy in
two experiments is expected. The MINERvA cross sec-
tion is expected to be larger by a factor of ∼ 2. The
shape of differential cross sections is anticipated to be
very similar. This correlation is absent in the published
data. The data/Monte Carlo discrepancy is seen in a
particularly clear way when one compares the ratio of
differential cross sections from two experiments with the
Monte Carlo predictions. The experimental quantity is
far from the anticipated value of ∼ 2. Also the shapes of
predicted and measured ratio are different.
The paper is organized as follows: In section II Mini-
BooNE and MINERvA SPP data are discussed and re-
binning of MniBooNE data according to the MINERvA
bins is done. Monte Carlo-data comparison is presented
in section III with the main result shown in paragraph
IIIA. In section IV we conclude our paper.
2II. MINIBOONE AND MINERVA SPP DATA
TheMiniBooNE measurement was done on the mineral
oil target (CH2). The neutrino flux peaks at ∼ 700 MeV
with a tail extended to 3 GeV. The signal charged current
events are defined as 1π+ and no other mesons in the final
state.
MINERvA measurement was done on the CH target
with larger energy flux peaked at ∼ 3 GeV and a long
high energy tail. The signal charged current events con-
tain exactly one charged pion, almost always π+. Due
to the cut on invariant hadronic mass W < 1.4 GeV a
contamination from the 1π±1π0 events is very small.
In both cases the signal includes a fraction of coherent
π+ production events.
Even if in the case of the MiniBooNE measurement
typical neutrino energies are lower by a factor of ∼ 4− 5
compared to the MINERvA, in both experiments the
dominant contribution comes from ∆(1232) excitation.
In both cases the target consists mostly from Carbon and
we expect a lot of similarity in the measured cross sec-
tions. According to NuWro Monte Carlo simulations the
only significant difference in both measurements comes
from overall normalizations. Typical MiniBooNE νµ en-
ergies are closer to the pion production threshold energy.
From the ANL and BNL experiments it is known that
with a cut W < 1.4 GeV π+ production cross sections at
∼ 700 MeV and ∼ 4 GeV differ by a factor of ∼ 2.
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FIG. 1. (Color online) Differential cross section in pion kinetic
energy. MiniBooNE data points are taken from Ref. [1] and
MINERvA from Ref. [2].
The cross section results from two experiments are
shown in Fig. 1. The errors are given as a fractional un-
certainty for each bin. Both experiments have different
binning. MiniBooNE binning is finer than MINERvA,
hence we will “translate” the MiniBooNE data to the
MINERvA bins in order to perform a direct comparison.
In Fig. 1 we see, that in most of the cases MINERvA
bins overlap with two MiniBooNE bins at most. We use
a linear interpolation of cross section and its error. The
measured points can be correlated, but there is no avail-
able information about the covariance matrix for con-
sidered data. This procedure is justified if the new bin
contains data from two bins and can not be applied to
combine higher number of bins.
In the latter case we use the following method. We as-
sume that each data point represents a random variable
with expected value equal to the central value (cross sec-
tion in i-th bin, E(Xi) = σ(Ei)) and variance equal to the
squared error (V ar(Xi) = (∆σi)
2). i-th MiniBooNE bin
contributes to j-th MINERvA bin with a weight equal to
the ratio of the bin’s intersection αij with the MINERvA
bin to the MINERvA bin width Wj :
wi,j =
αi,j
Wj
. (1)
The expected value of the MiniBooNE cross section in
the j-th MINERvA bin is:
E(Yj) = E(
∑
i
wijXi) =
∑
i
wijE(Xi). (2)
In the above equation E(Xi) represents the measured
MiniBooNE cross section. The variance of the sum of N
random variables is:
V ar(
N∑
i=1
wi,kXi) =
N∑
i=1
w2i,kV ar(Xi) +
+ 2
∑
i>j
wi,kwj,kCov(Xi, Xj). (3)
Unfortunately, MiniBooNE experiment did not pub-
lish the covariance matrix. The experimental errors are
almost entirely systematic. The simplest assumption
Cov(Xi, Xj) = 0 would reduce the error during the rebin-
ning operation, since wij ≤ 1. A reasonable assumption
for these systematic errors is that if one combines the
neighboring bins the resulting error is a weighted aver-
age of contributing bin errors. It is easy to show, that if
one sets Cov(Xi, Xj) =
√
V ar(Xi)V ar(Xj) the resulting
error will be exactly a weighted average:
3V ar(
N∑
i=1
wi,kXi) =
N∑
i=1
w2i,kV ar(Xi) + 2
∑
i>j
wi,kwj,k
√
V ar(Xi)V ar(Xj) =
=
N∑
i=1
w2i,k(∆σi)
2 + 2
∑
i>j
wi,kwj,k∆σi∆σj =
(
N∑
i=1
wi,k∆σi
)2
. (4)
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FIG. 2. (Color online) MiniBooNE differential cross section
in pion kinetic energy taken from Ref. [1] rebinned into
MINERvA-sized bins.
The new data binning for the MiniBooNE experiment
according to Eqs. 2 and 4 is shown in Fig. 2. After
re-binning the systematic errors have not been reduced,
as expected.
III. NUWRO MONTE CARLO EVENT
GENERATOR
NuWro is a versatile Monte Carlo simulation tool de-
scribing lepton-nucleon and lepton-nucleus interactions
in the energy range from ∼ 100 MeV to 1 TeV. Its
main functionalities and implemented physical models
are presented in Ref. [15]. Neutrino-nucleon interaction
modes are: quasi-elastic (or elastic for NC) (QEL), res-
onant (RES) covering W < 1.6 GeV and DIS defined
by W > 1.6 GeV. For the purpose of this study the
anisotropy in the pion angular distribution in ∆ decay
events has been implemented using the density matrix
elements measured by ANL [11] and BNL [12] experi-
ments.
For the neutrino-nucleus scattering impulse approx-
imation is assumed. New reaction modes, absent in
neutrino-nucleon scattering, are: coherent pion produc-
tion (COH) and two-body current interactions on cor-
related nucleon-nucleon pairs (MEC). In our simulation
we used Valencia MEC model [16] with the momentum
transfer cut |~q| < 1.2 GeV, as suggested in Ref. [17].
In MEC events final state nucleons are described using a
model proposed in Ref. [18].
Primary interaction is followed by hadron rescatterings
(FSI) simulated by the custom made internuclear cascade
model [15].
In the simulations discussed in this paper Carbon nu-
cleus is treated within the relativistic Fermi Gas model.
∆ in-medium self-energy effects are included in an ap-
proximate way using the results from Ref. [19].
According to NuWro simulations, in the MiniBooNE
and MINERvA experiments the pion production signal
events origin from:
1. RES interactions, typically through the ∆ excita-
tion and decay, but also with some contribution
from the nonresonant background. According to
NuWro RES accounts for 87.1% and 84.7% of the
signal for the MiniBooNE and MINERvA experi-
ment respectively. There is a very important im-
pact of FSI effects on the final state pions produc-
tion rate because many pions are absorbed or suffer
from the charge exchange reaction inside Carbon
nucleus.
2. COH process, populating 6.7% (MiniBooNE) and
10.7% (MINERvA) of the signal. NuWro uses the
Rein-Sehgal coherent pion production model from
Ref. [20] with lepton mass correction from Ref.
[21]. A comparison with the recent MINERvA co-
herent pion production measurement published in
Ref. [22] suggest that NuWro may overestimate the
experimental data.
3. DIS interactions contributes only to the Mini-
BooNE signal at the level of 3.6%. A typical sce-
nario is that one out of two pions produced in the
primary interaction is absorbed.
4. QEL and MEC interactions with pions produced
due to the nucleon rescattering reactions account
for 2.7% MiniBooNE and 4.6% MINERvA signal
events.
Results of the NuWro simulations together with the ex-
perimental points are shown in Fig. 3. The Monte Carlo
predictions tend to overestimate the MINERvA data and
underestimate the MiniBooNE data at the same time. In
the case of MiniBooNE results similar problems were re-
ported in the past by many theoretical models (see e. g.
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FIG. 3. (Color online) Differential cross section in pion kinetic
energy. MiniBooNE and MINERvA data points are shown
together with NuWro predictions.
Refs. [23] and [24]). Another observation is that the MC
simulation predicts a large difference between the Mini-
BooNE and MINERvA cross sections in the whole pion
kinetic energy range. On the other hand, in Fig. 3 one
can see, that for higher pion kinetic energies values re-
ported by both experiments are very similar. Also, in
the MC simulations the differential cross sections tend
to peak at the same point in pion kinetic energy, near
the threshold for ∆ production, which in the pion FSI
simulations leads to significant pion absorption. How-
ever, both of the experimentally measured cross sections
seem to reach their maximal values at different points.
This is not pronounced very strongly in Fig. 3, because
the MINERvA errors are very large. We checked that
introduction of the anisotropy for the pion angular dis-
tribution does not change much NuWro results, giving
an effect of at most 10% in a few kinetic energy bins but
typically much smaller. The shapes of differential cross
sections changes a little but there is almost no structure
to it save for the kinetic energy distribution. We observe
there a shift by∼5% of of the cross section towards higher
kinetic energies in both MINERvA and MiniBooNE dis-
tributions.
NuWro results look consistent with the GENIE [25]
predictions for dσ
dTµ
, shown in Fig. 4 of Ref. [2]. NuWro
and GENIE use different physical models to describe the
SPP (GENIE relies on the resonant Rein-Sehgal model)
but both predict a strong correlation between results
from two experiments.
A. Ratio of MINERVA/MINIBOONE cross section
in pion kinetic energy
Correlations of both π+ production measurements
should be clearly seen in the ratios of measured differ-
ential cross sections in pion kinetic energy relative to the
neutrino flux from two experiments. Their shapes do not
depend on the overall normalizations in two experiments.
In order to calculate the ratios of both measurements
together with appropriate errors we consequently treat
the processed data points as random variables X and Y
with known expected values and variances. One has to
compute E(X
Y
) and V ar(X
Y
). For independent variables:
E(X · Z) = E(X)E(Z) (5)
V ar(X · Z) = V ar(X)V ar(Z) +
+ E(X)2V ar(Z) + E(Z)2V ar(X) (6)
and replacement Z = 1
Y
must still be done.
The assumption that two experiments are independent
is rather conservative because errors coming from neu-
trino interaction models are in both cases correlated.
The most difficult task is to calculate E( 1
Y
) and
V ar( 1
Y
), because E( 1
Y
) 6= 1
E(Y ) unless the probability
distribution function of Y is given by the Dirac delta
function, P (Y ) = δ(Y − Y0). We must introduce some
model-dependence, which fortunately will be shown to
be negligible.
We investigated several assumptions for the P (Y ):
• flat distribution
• linear distribution
• quadratic distribution
• log normal distribution
The assumption is that P (Y ≤ 0) = 0 and P (Y ) drops
to 0 faster, than Y 2 as Y approaches 0 since the cross sec-
tion cannot be negative and we do not want the integral
to give indefinite values for E(1/Y ) and E(1/Y 2).
We tested the model dependence of ratios using above
probability distribution hypotheses by calculating both
the expected ratio value as well as its error. We compared
them also to a “naive” approximation, in which E
(
1
Y
) ≈
1
E(Y ) and V ar
(
1
Y
) ≈ 1
V ar(Y ) .
We verified that the expectation values and variances
coming from various probability distribution hypotheses
do not differ in any significant manner. The only excep-
tion is the “naive” approach, leading to a few-percent
effect on the expected value and enlargement of the vari-
ance. From the above described models we chose the
log-normal distribution as it allows any value of random
variable along the positive real semiaxis. It has the fol-
lowing functional form, expected value and variance:
P (Y ) =
1√
2πbY
exp
[
− (ln(Y )− a)
2
2b2
]
Θ(Y )
E(Y ) = exp(b2/2 + a)
V ar(Y ) = exp(2b2 + 2a) (7)
From the above equation we get E( 1
Y
) = exp(b2/2−a)
and V ar( 1
Y
) = exp(b2 − 2a) [exp(b2)− 1].
5The procedure is to generate samples with NuWro gen-
erator for both experiments and compare the resulting
ratio of Monte Carlo cross sections to the experimental
one. In order to maintain statistically meaningful sam-
ples each dynamical channel contributing to the MIN-
ERvA and MiniBooNE signals has been generated sepa-
rately.
We tried to estimate the errors of both ratios as cal-
culated by NuWro. We distinguish systematic and sta-
tistical errors coming from the implemented theoretical
models. We run the simulations with a high event rate in
order to minimize statistical fluctuations. We obtained
at least 8 000 events in each bin with typical value of the
order of 104 − 105 events/bin. The resulting impact of
statistical errors on the predicted ratio is negligible.
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FIG. 4. (Color online) Contributions from RES channel to
MiniBooNE and MINERvA differential cross sections in pion
kinetic energy as predicted by NuWro.
In order to establish the leading systematic errors we
identified a dominant dynamical process giving rise to the
signal in both experiments. The contributions from the
RES channel usually exceed 85-90%, see Fig. 4. We con-
clude that most of the MiniBooNE and MINERvA signal
events originate from the same physical processes. The
pion kinetic energy distribution produced in RES process
before FSI is quite similar for two experiments, see Fig.
5. Thus we expect that the impact of pion FSI effects
is also similar in both cases. In Ref. [2] we found an
information that according to GENIE 24% of the Mini-
BooNE signal events correspond to W > 1.4 GeV. In
NuWro simulations the fraction is 23%.
For the NuWro ratio results we used a simplified MC
systematic error analysis based on uncertainties in the
RES process, which should cover the leading error of MC
predictions. Two error sources are taken into account:
1. ∆ production rate uncertainty driven by CA5 and
MA∆ parameters.
2. ∆ decay uncertainty coming from pion angular cor-
relations.
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FIG. 5. (Color online) Spectrum of pion kinetic energy for
MiniBooNE and MINERvA as predicted by NuWro without
FSI effects. The last bin combines pions with kinetic energies
above 1 GeV.
We varied the axial coupling of the ∆ resonance
CA5 (0) = 1.19±0.08 andMA∆ = 0.94±0.03 (GeV) within
the limits found in Ref. [26] and treat the maximum vari-
ation as a systematic errors δCA
5
, δMA∆ . We compared
descriptions of the angular anisotropy reported by ANL
and BNL experiments also took the maximum variation
from both parameterizations as another systematic er-
ror δdecay. We combined these errors in quadrature and
obtained the estimate of the total error in NuWro simu-
lations δMC =
√
δ2
CA
5
+ δ2MA∆ + δ
2
decay.
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FIG. 6. (Color online) Ratios of differential cross sections in
pion kinetic energy from MINERvA and MiniBooNE experi-
ments together with NuWro predictions.
In Fig. 6 we show the final results for
( dσ
dTpi
)MINERvA
( dσ
dTpi
)MiniBooNE
where the experimental results are compared to the
6NuWro predictions. NuWro central results are obtained
with BNL angular correlations and default values of
CA5 (0) = 1.19 and MA∆ = 0.94 GeV.
It is essential to look independently for the shape of the
ratio. Differences in shape are perhaps more important
than discrepancy in the overall scale which can be due
to uncertainties in overall cross section normalizations in
two experiments. In the case of the MINERvA measure-
ment the overall normalization error can be estimated to
be ∼ 15% (flux error, correction for muon angles exceed-
ing 20o, detector effects) [27]. MiniBooNE normalization
error should be similar in size.
In order to compare the shapes of two ratios we in-
troduce a scaling factor η and found its value by trying
to adjust the experimental results and NuWro predic-
tions. We obtained the best-fit value η = 1.49 ± 0.15.
The value of η is surprisingly large compared to the es-
timated normalization error from two experiments. Also
the shapes of measured and calculated with NuWro ra-
tio as a function of pion kinetic energy are different, see
Fig. 7, where rescaled experimental result together with
NuWro predictions are shown.
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FIG. 7. (Color online) The same as in Fig. 6 but with exper-
imental results rescaled by a factor of η = 1.49.
In the past GENIE [25] and GiBUU [23] also had prob-
lems with understanding π+ production data. In the case
of GiBUU in [23] a paradoxical conclusion was drawn
that the MiniBooNE data is reproduced better if FSI
effects are neglected. There are differences in the under-
lying SPP and FSI models in all the generators and the
model that is implemented in NuWro can be improved
in many respects. Even though, it seems unlikely that
such a large data/Monte Carlo discrepancy is caused only
by the deficiencies of the NuWro treatment of neutrino
pion production. The main argument is that in the cross
section ratios all the implemented models defects should
roughly cancel each other because in both cases the dom-
inant dynamical mechanism: ∆ excitation and decay is
exactly the same and also the FSI effects are expected to
be very similar.
B. Pion angular distribution
We studied also pion angular distribution from both
experiments. In the case of the MiniBooNE experiment
pion angular distribution the points are taken from M.
Wilking PhD thesis [28]. This data must be considered
with precaution, as even if they are public they are not
official MiniBooNE result.
The first problem is that the MiniBooNE detector has
little sensitivity to the pion direction near the Cherenkov
threshold at Tpi ∼70 MeV. This results in a cutoff at pion
kinetic energy of 150 MeV in the double-differential cross
section presented in Tab. XVII of Ref. [1]. The second
problem is that Ref. [28] does not include improvements
coming from better algorithms to separate muons and
charged pions which have some impact on unfolded pion
differential cross section.
For the second problem we looked at overlapping kine-
matical region from Ref. [28] and the MiniBooNE paper
[1] for pion double differential cross section results. The
agreement is on the level of ∼ 1− 6%.
As for the first problem we used NuWro Monte Carlo
generator to estimate the range of pion production an-
gles Θpi, for which Tpi <150 MeV events do not domi-
nate. We noticed a general pattern that more energetic
pions preferably move in the forward and less energetic
in the backward hemispheres. This can be understood
as a relativistic effect on a mostly uniform distribution
of pions in the ∆ rest frame boosted to the laboratory
frame. We observed that for the pion production an-
gles .70o the fraction of near-threshold pions does not
exceed 13% and the contribution of pions with kinetic
energies below 150 MeV is smaller than ∼ 50%. It is
plausible that the data from Ref. [28] is trustworthy
for Θpi . 70
o and we compared them with the MIN-
ERvA results. As before, we calculated ratios of experi-
mental results and Monte Carlo prediction. The conclu-
sion is that there is a significant disagreement in shape.
NuWro predicts that the ratio should be roughly equal 2
for Θpi ∈ [0o, 700]. On the contrary, the experimentally
measured ratio ( dσ
dTpi
)MINERvA/( dσ
dTpi
)MiniBooNE shows a
strong drop from the value ∼ 2.5 for Θpi = 0o to ∼ 0.8
for Θpi ≈ 50o.
IV. CONCLUSIONS
A comparison of experimental π+ production data
from MiniBooNE and MINERvA experiments reveals
that there is a large (a factor of 1.49) normalization dis-
crepancy between two measurements. There are also no-
ticeable differences in the measured shapes of differential
cross section in pion kinetic energy. Unfortunately, the
MiniBooNE Cherenkov detector does not provide us with
reliable angular distribution due to the near-threshold ef-
fects and we can not give any definite conclusions for this
observable.
We are still far away from a good understanding of
7SPP channels in the neutrino scattering in the ∆ region.
Interpretation of the old ANL and BNL deuteron tar-
get experiments is not straightforward because of appar-
ent differences in measured cross sections (see, however
a discussion in Refs. [26] and [29]) and problems with
modeling nonresonant contribution [14]. It is clear that
more dedicated experimental effort aiming to measure
the pion production reactions together with nuclear ef-
fects is needed.
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